We discuss the time course of postnatal development of selected neurotransmitter receptors in motoneurons that innervate respiratory pump and accessory respiratory muscles, with emphasis on other than classic respiratory signals as important regulatory factors. Functions of those brainstem motoneurons that innervate the pharynx and larynx change more dramatically during early postnatal development than those of spinal respiratory motoneurons. Possibly in relation to this difference, the time course of postnatal expression of distinct receptors for serotonin differ between the hypoglossal (XII) and phrenic motoneurons. In rats, distinct developmental patterns include a decline or increase that extends over the first 3-4 postnatal weeks, a rapid increase during the first 2 weeks, or a transient decline on postnatal days 11-14. The latter period coincides with major changes in many transmitters in brainstem respiratory regions that may be related to a brain-wide reconfiguration of sensorymotor processing resulting from eye and ear opening and beginning of a switch from suckling to mature forms of food seeking and processing. Such rapid neurochemical changes may impart increased vulnerability on the respiratory system. We also consider rapid eye movement sleep as a state during which some brain functions may revert to conditions typical of perinatal period. In addition to normal developmental processes, changes in the expression or function of neurotransmitter receptors may occur in respiratory motoneurons in response to injury, perinatal stress, or disease conditions that increase the load on respiratory muscles or alter the normal levels and patterns of oxygen delivery.
Introduction
Motoneurons are a common end-point of the central neural integration of information about the internal and external environments. Therefore, observations of changes in their biophysical, biochemical and morphological properties, as well as their activity, offers an invaluable insight into brain functions. In this brief review, we present and discuss selected data about postnatal developmental changes in motoneurons that control the respiratory pump and accessory respiratory muscles. Unless indicated otherwise, we focus on the results from rats, which have been most commonly used as a model system in this field. Postnatal development of respiratory behavior and responses to classic respiratory challenges, such as hypoxia, hypercapnia or altered conditions in the lungs and airways, are covered in other contributions to this Special Issue and in another Special Issue that was entirely devoted to the development of respiratory control (Anonymous, 2005) . Here, we choose to give more emphasis to non-respiratory contexts of postnatal developmental changes that may impact the development of respiratory motoneurons because the subject is under-represented in respiratory literature.
Developmental requirements on motoneurons that innervate respiratory pump and accessory respiratory muscles in rats
An important distinction needs to be made. In contrast to the diaphragm-innervating phrenic motoneurons whose main function is to provide adequate pumping action, the motoneurons that innervate accessory respiratory muscles subserve multiple non-respiratory but also vital functions. Indeed, the respiratory functions of the latter are often secondary and/or limited to special conditions or disease states. The trigeminal, facial, hypoglossal (XII) and vagal motoneurons that innervate about 27 different muscles of the upper airway play key roles in digestive behaviors and phonation in addition to their important airway-protective functions throughout the life span and their role in the maintenance of airway patency that they may need to fulfill occasionally or in individuals with special conditions. The motoneurons that innervate intercostal and abdominal muscles enhance the respiratory pumping action controlled by phrenic motoneurons, but they also have major tonic and phasic roles in postural control, locomotion and waste discharge. Also important to note in the context of motoneuronal development is that different motoneuronal groups and parts of pontomedullary respiratory network emerge during embryonic development from distinct hindbrain segments (rombomeres) (Carroll, 2003; Borday et al., 2006; Chatonnet et al., 2006) . Different rombomeric origins may determine the time course of normal development of different motoneuronal pools in addition to the gradually changing functional requirements during the postnatal period.
Rats belong to altricial species. They are born able to generate adequate rhythmic ventilation and suckling and exhibit huddling behavior, but they are blind, deaf, unable to maintain body temperature, digest food other than mother's milk, or eliminate waste without maternal assistance (Henning, 1981; Westneat and Hall, 1992) . Their sleep-wake pattern is also grossly underdeveloped, with the state of an undifferentiated "active sleep" interrupted by short bouts of "quiet sleep" occupying nearly 90% of their life after birth (Frank and Heller, 1997; Seelke et al., 2005) . Neonatal rats breathe, suckle and sniff both during sleep and when awake (Seelke and Blumberg, 2004) . These three competing behaviors significantly share the same motor outputs and are apparently well synchronized and coordinated at birth. Due to technical limitations, the activity of the diaphragm and orofacial muscles has not been studied in rats in vivo right after birth. More information is available from neonatal lambs, but the recordings are limited to the diaphragm and laryngeal muscles (Praud and Reix, 2005) . Given that lambs belong to precocial species (more mature at birth than rats), the observations from neonatal lambs may pertain to a relatively more advanced period of development than in rats, and may also be specific to ruminating species.
Postnatal milestones that may impact the development of respiratory motoneurons in rats
The first 3 weeks of postnatal life of the rat are marked by profound changes in the pup's ability to interacts with the environment, changes that also dramatically increase the demands on the central integration of many behaviors. Fig. 1 shows the time course of major non-respiratory developments during the first 30 postnatal days of a laboratory rat (cf. Henning, 1981; Westneat and Hall, 1992; Frank and Heller, 1997; Christensson and Garwicz, 2005; Landers and Philip, 2006) . This time course can be related to the progress of neural development in other species, including humans, using a regression analysis based on nearly 100 changes in the morphology of various subcortical structures (Clancy et al., 2001) . According to this analysis, gestational day 10 in rats (peak of cranial motor nuclei development) corresponds to the gestational day 35 in human fetus, and postnatal day 14 (eye opening) in rats corresponds to gestational day 133 according to the model, or day 81 empirically, in humans. However, application of this scale to the development of vagal visceral afferents and their central connections within the nucleus of the solitary tract suggests a more rapid development of viscerosensory pathways in rats when compared to humans, embryonic (E) days E15-19 vs. E63-105 (Zhang and Ashwell, 2001; Cheng et al., 2006) .
It is apparent from Fig. 1 that, in rats, the period between the 11th and 14th postnatal day is particularly rich in events that transform the pup from being fully dependent on the maternal environment to one that can see, hear, control its own temperature, and seek food other than maternal milk. During this period, there is a major neurochemical reorganization in pontomedullary respiratory regions, including the medullary respiratory motor and viscerosensory nuclei Yoshioka et al., 2006) . At the systemic level, the same period is associated with a transient blunting of hypoxic ventilatory response followed by a reconfiguration of its respiratory rate and volume components (Waters and Gozal, 2003; .
Development of aminergic control of respiratory-modulated motoneurons
Serotonin (5-HT) and norepinephrine have been identified as major modulators of motoneuronal activity in relation to rhythmic motor behaviors (Jacobs and Fornal, 1995; Pena and Ramirez, 2002; Viemari and Ramirez, 2006) , sleep-wake states (Kubin et al., 1998; Fenik et al., 2005; Chan et al., 2006) , control of pain and transmission in reflex pathways (Stafford and Jacobs, 1990; Clark and Proudfit, 1993; Van Bockstaele and Aston-Jones, 1995) , central CO 2 chemosensitivity (Bradley et al., 2002; Feldman et al., 2003; Wang and Richerson, 2007; Guyenet et al., 2008) , and long-term changes in respiratory motor output resulting from stress or injury (Ling et al., 2001; Zhou et al., 2001; Feldman et al., 2003; Neverova et al., Fig. 1. Time course of major developmental events during the first 30 postnatal days in rats. Of particular note is the period between the postnatal days 11 and 14 because it is characterized by a host of major developmental changes, such as rapid myelination in the brain, appearance of corticosterone in plasma and a dramatic sensory enrichment related to eye and ear opening. These events precede the processes of metabolic transition into consumption of food other than mother's milk and occur superimposed on parallel development of thermoregulation and maturation of sleep behavior. Together, these changes impose major new demands on sensorymotor processing and greatly increase the complexity of motor behaviors. The period between days 11 and 14 is also characterized by a significant reconfiguration of the ventilatory response to hypoxia. (Berger and Huynh, 2002) . Of general note here are three points: (1) the time course of expression differs among distinct receptor subtypes for the same neurotransmitter even within a single motoneuronal pool (e.g., 5-HT 1A , 5-HT1B and 5-HT 2A receptors in XII motoneurons); (2) the same receptor can follow different developmental time courses in orofacial (XII) and spinal motoneurons (e.g., 5-HT 2A receptors in the XII nucleus and cervical ventral horn); and (3) some receptors can exhibit very large and biphasic changes, at least at the mRNA level, within just a few days (e.g., 5-HT1B receptor mRNA in XII motoneurons).
2007). Data indicate that, in rats, serotonergic neurons and their projections to the motor regions are nearly mature at birth, whereas the projections to sensory regions, including those that control the transmission of pain, are not fully developed (Jacobs and Azmitia, 1992; Talley et al., 1997; Tanaka et al., 2006) . Brainstem noradrenergic neurons and their projections are also present at birth, but tyrosine hydroxylase activity in the pontomedullary catecholaminergic groups exhibits distinct postnatal peaks, one on postnatal (P) day 3 and another on P21. In addition, there is a peak involving only locus coeruleus on P14 (Roux et al., 2003) . The developmental patterns of 5-HT and adrenergic receptors are complex and differ among the brain regions and receptor types. The lack of a clear temporal relationship between 5-HT cell and axon terminal development and receptor development indicates that receptor changes are only to a limited extent determined by their endogenous ligand.
Studies of the developmental time course of 5-HT and related receptors in respiratory motoneurons begin to provide insights into the underlying mechanisms and developmentally changing roles of these receptors. Fig. 2 summarizes the limited developmental data available for 5-HT receptors in the hypoglossal (XII) nucleus, as representative for orofacial motoneurons, and in upper cervical (spinal) motoneurons. We also include the data relative to thyrotropin-releasing hormone (TRH) receptor binding in the XII nucleus because serotoninergic terminals are a major source of this hormone (Johnson et al., 1993) .
The different 5-HT receptors considered here have different postnatal patterns and, at least at the mRNA level, can exhibit very rapid changes over just a few days (Fig. 2) . Some receptor types have a different developmental time course in orofacial (XII) and spinal motoneurons (5-HT 2A ), whereas others (5-HT 1A ) have similar developmental patterns at both levels . Similar to 5-HT 1A receptors, a declining pattern also exist for inhibitory adrenergic ␣ 2A receptors in XII motoneurons (WinzerSerhan et al., 1997) .
By far the most complex changes shown in Fig. 2 are those in the expression of 5-HT 1B receptors in XII motoneurons. These receptors are frequently located on presynaptic terminals and modulate release of other transmitters (Boschert et al., 1994) . However, their expression in motoneurons suggests that they also mediate postsynaptic effects (Berger and Huynh, 2002; Volgin et al., 2003) . To date, postsynaptic effects appear to be weak in XII motoneurons (Bouryi and Lewis, 2003) . An alternative possibility is that 5-HT 1B receptors expressed in motoneurons presynaptically control transmitter release at the motor plate level (D'Agostino et al., 2006) . Broadly supportive of this are the findings that 5-HT 1B receptor expression declines in the brain in response to physical training (Chennaoui et al., 2000) . There is also evidence that 5-HT 1B receptors carry trophic and other signals during embryonic and postnatal development both in the brain and peripheral nervous system (Nebigil et al., 2001) . The coincidence of the rapid decline and then increase in 5-HT 1B receptor mRNA expression in XII motoneurons (Fig. 2B) with the period of a particularly active reconfiguration of many sensory, motor and homeostatic functions (Fig. 1) would be consistent with an important role of 5-HT 1B receptors in the guidance of developmental processes. The corresponding changes of 5-HT 1B receptor protein expression in the XII nucleus remain to be studied because the data currently available were not collected frequently enough to address the question (Berger and Huynh, 2002) .
The excitatory 5-HT 2A receptors are expressed at high levels in spinal motoneurons right after birth, but in XII and ambiguus motoneurons their expression gradually increases through at least P12 (Volgin et al., 2003 (Volgin et al., , 2004 . Recent data suggest that the postnatal time course of 5-HT 2A receptor development is similar in identified phrenic motoneurons and other motoneurons of the upper cervical spinal cord (Bou-Flores and Hilaire, 2000; Volgin et al., 2003) . As expected, the increase in receptor protein lags behind the receptor mRNA expression. The mature pattern of receptor expression in distal dendrites is established only after XII motoneurons complete the first phase of a major developmental change in their dendritic morphology, which progresses from P0 to P15 (Cameron and Núñez-Abades, 2000) . The developmental time course of excitation of XII motoneurons mediated by ␣ 1 -adrenergic receptors in mice (Funk et al., 1994 ) is similar to the time course of 5-HT 2A receptor expression in these motoneurons in rats (Volgin et al., 2003) . Interestingly, phrenic motoneurons do not exhibit bi-phasic morphological changes during postnatal development as those described for XII motoneurons (Lindsay et al., 1991; Núñez-Abades et al., 1994) ; this may be associated with their more mature status at birth, as suggested by relatively late expression of 5-HT 2A receptors in XII motoneurons (Lindsay and Feldman, 1993; Bayliss et al., 1997) . The steady or increasing patterns of 5-HT 2A receptor expression in spinal and orofacial motoneurons contrast with a decrementing pattern for 5-HT 1A receptors and the complex patterns observed for 5-HT 1B receptors. Both 5-HT 1A and 5-HT 1B receptors are principally inhibitory, whereas 5-HT 2A receptors are excitatory. However, it appears that 5-HT 1A receptors may also mediate excitatory effects during an early postnatal period, and 5-HT 2A receptors may mediate suppression of respiratory motor output under some experimental conditions (Monteau et al., 1990; Berger et al., 1992) . Thus, the postnatal patterns of 5-HT receptor expression in motoneurons are not always related to the excitatory or inhibitory nature of the effects they typically evoke.
The more advanced during the early postnatal period development of phrenic and other spinal motoneurons than that of orofacial motoneurons appears to correlate with better developed motoneuronal 5-HT 2A receptors in spinal than in XII or ambiguus motoneurons (Lindsay et al., 1991; Núñez-Abades et al., 1994; Volgin et al., 2003 Volgin et al., , 2004 . These receptors may mediate uncoupling of gap junctions (Rorig and Sutor, 1996) . The postnatal increase of 5-HT 2A receptor expression in XII motoneurons (Volgin et al., 2003) coincides with the disappearance of electrotonic coupling, which occurs in these motoneurons around P10 but, in phrenic motoneurons, 5-HT 2A receptors appears significantly earlier than the disappearance of electrotonic coupling (reviewed by Greer and Funk, 2005) .
There is a good agreement between the magnitude of the excitatory effects of TRH and the time course of development of TRH receptors in XII motoneurons (Funk et al., 1994; Bayliss et al., 1997) . However, unlike 5-HT receptors that change most dramatically during the first two postnatal weeks, TRH receptor levels increase gradually for over 3 weeks. This time course may correspond to a distinct developmental process that occurs in motoneurons from birth to the end of the weaning period (Fig. 1) . It may be related to peripheral metabolic changes (Henning, 1981) , as well as maturation of the hypothalamic regulation of both sleep and metabolism. For example, expression of mRNA for the type 2 receptors for the hypothalamic excitatory peptides, orexins, in XII motoneurons reaches a peak around P21 (Volgin et al., 2002) . The serotonergic and peptidergic innervation of the locus coeruleus, a noradrenergic nucleus strongly involved in processing of emotionally relevant sensory information and regulation of cognitive functions and sleep, also develops gradually over a period of several postnatal weeks (Niwa et al., 1992) .
Signals and factors that may shape development of aminergic control of respiratory motoneurons
The genetically pre-programmed development of the respiratory system can be disrupted pre-and postnatally by a host of factors and environmental conditions. As mentioned earlier, 5-HT may regulate receptor expression during development (reviewed by Sodhi and Sanders-Bush, 2004) . The evidence for this in the respiratory system is derived from studies in transgenic mice that produce and release excessive amount of 5-HT during the late embryonic and postnatal periods (Bou-Flores and Hilaire, 2000) , studies of the response of phrenic motoneurons to spinal cord injury (Mitchell et al., 1992; McCrimmon et al., 1994; Zhou et al., 2001; Zimmer et al., 2007) , or studies of animals subjected to acute or chronic intermittent hypoxia Baker-Herman and Mitchell, 2002) .
Stress and stress-related hormones can powerfully alter the time course of neural development. Rats born to mothers subjected to acute or recurrent environmental stress exhibit delayed development of spontaneous and reflexly evoked motor activity (Patin et al., 2004) . Prenatal exposure to stressors can lead to long-lasting effects through re-programming of the hypothalamo-pituitary-adrenal (HPA) axis (Weinstock, 2001; Welberg and Seckl, 2001; Matthews, 2002) . Maternal stress causes multiple endocrine and cardiovascular reactions in the mother's organism, and the resulting signals, such as ACTH, glucocorticoids, catecholamines and opioids can reach the fetal brain. Activation of the fetal HPA axis also may result from fetal hypoxia caused by catecholamine-induced placental vasoconstriction (Matthews, 2002) . Glucocorticoids are a major stress-related programming signal for the fetal HPA axis and brain development (reviewed by Seckl, 2004) . They impact brain development by regulating the expression of neuronal adhesion molecules and neurotrophic factors (Rodriguez et al., 1998; Hansson et al., 2000) . Manipulations of glucocorticoid levels early in development can permanently alter brain structure and functions (Fuxe et al., 1996; Muneoka et al., 1997; Matthews, 2002) . Whereas normal rat pups have extremely low corticosterone levels until P12 (Fig. 1) , maternal stress can increase plasma corticosterone in both the mother and fetus (Takahashi et al., 1998; Koehl et al., 1999) .
In rats, prenatal exposure to glucocorticoids can cause longterm changes in brainstem monoaminergic systems. Activity of tryptophan hydroxylase is particularly strongly regulated by glucocorticoids (Whitaker-Azmitia, 1993) . Prenatal exposure to dexamethasone caused postnatal increase of 5-HT levels in the brainstem lasting as long as 3-14 weeks and long-lasting increases in [ 3 H]paroxetine binding in the brainstem indicative of elevated levels and/or activity of 5-HT transporter (Slotkin et al., 1996; Muneoka et al., 1997) . In contrast, following similar exposures, there was only an early and transient increase in brainstem norepinephrine turnover that was limited to the pre-weaning period and no subsequent changes in brainstem norepinephrine or dopamine contents, or receptor binding, were detected (Slotkin et al., 1992; Muneoka et al., 1997) . Thus, the 5-HT system is a specific target of glucocorticoids.
Elevated levels of 5-HT resulting from prenatal exposure to stress or glucocorticoids may alter postnatal expression of 5-HT Fig. 3 . Muscles of the tongue exhibit non-respiratory, rhythmic activity during REM sleep. The top panel shows a continuous, about 2 min long, record centered around a transition from non-REM to REM sleep in an adult rat. The signals are: diaphragmatic (DIA) and lingual (Ling.) EMGs and their integrated (Int.) versions, nuchal EMG and cortical EEG. The bottom panels show the highlighted segments of the top record on an expanded time scale. A1: There is no activity in the lingual EMG during non-REM sleep. A2: Soon after the onset of REM sleep, lingual muscles begin exhibiting rhythmic activity with a rhythm much faster than the respiratory rate, as indicated by the recording from the diaphragm (unpublished data from Lu and Kubin, 2007) . We relate the consistent appearance of fast rhythmic activity in lingual muscles during REM sleep to the possibility that, at least in an altricial species like the rat, such a rhythm may represent suckling-like activity. receptors in motoneurons. Prenatal stress results in a decreased 5-HT 1A receptor ligand-and immuno-binding in some, but not all, brain regions in adults (Meerlo et al., 2001; Van den Hove et al., 2006) . In monoamine oxidase-A knockout mice that have elevated brain levels of 5-HT, density of functional 5-HT 1A receptors is decreased in the raphe nuclei and their brainstem targets (Lanoir et al., 2006) .
Interestingly, based on the absence of thermoregulation and other features of rapid eye movement (REM) sleep, it has been proposed that numerous organismal controls during this state revert to those during fetal or early postnatal life (Zepelin et al., 2005) . Others have observed that physiology of REM sleep, essentially a brainstem-controlled state, is determined by ontogeny of the hypothalamus (Parmeggiani, 1982) , thus suggesting that a functional disconnection of the brainstem from the latter may facilitate occurrence of neural phenomena characteristic of an immature brain. The level of brain maturity at birth is related to the amounts of REM sleep in adults of various species (Jouvet-Mounier et al., 1970) . Of note in the context of this review is that central 5-HT and noradrenergic neurons cease firing during REM sleep. This causes a temporary withdrawal of the aminergic control of many brain functions, including breathing, and sets the brainstem in a state neurochemically similar to that when aminergic systems are not yet fully developed. Coincidentally, REM sleep is associated with the appearance of strong phasic activity in the muscles of the tongue in rats (Megirian et al., 1978; Lu et al., 2005) and in lingual and laryngeal muscles in humans (Chokroverty, 1980; Kuna et al., 1991) . The phasic activity that gradually emerges during the progression of REM sleep is often rhythmic but faster than diaphragmatic activity (Lu and Kubin, 2007) (Fig. 3A2) . If the state of REM sleep is in some regards reminiscent of the conditions during perinatal period, such fast rhythms present in orofacial motoneurons in an altricial species like the rat may correspond to suckling-like activity. It is plausible that interference from non-respiratory rhythm generators is one cause of the respiratory rhythm irregularity that characterizes REM sleep. This interpretation is supported by recent in vitro studies of the interaction between respiratory and putative suckling rhythms in orofacial motoneurons (Koizumi et al., 2007) . Further studies are needed to take advantage of the potential similarities between the respiratory control during REM sleep and in perinatal period.
Conclusions
Periods of potential vulnerability and critical periods have been identified in the development of the respiratory system in rats. The distinction between the two is that critical periods are those during which an insult or intervention may lead to long-term, often irreversible, changes in subsequent development (Carroll, 2003) . In contrast, vulnerable periods are those during which rapid development occurs in a manner that carries a potential for inadequate response to environmental challenges. By this standard, the period around 11-14 postnatal days in the rat represents a period of vulnerability (Volgin et al., 2003; Wong-Riley, 2005, 2006; , but it remains to be determined whether it also is a "critical period" for some aspects of respiratory regulation. In humans, the rapid brain growth spurt period starts in the third trimester of pregnancy and lasts up to 3 years after birth. During this extended period, insults that alter transmitter release or efficiency of synaptic transmission (e.g., alcohol, anesthetics and other modulators of excitatory and inhibitory transmission) may trigger abnormal apoptotic events (Ikonomidou et al., 2001) . Data suggest that a transient vulnerability resulting from a subtle mismatch in the development of brainstem serotoninergic and other neurochemical systems important for the control of both breathing and sleep increases the risk of the sudden infant death syndrome (Ozawa and Okado, 2002; Paterson et al., 2006) .
As briefly discussed in this review, respiratory motoneuron performance changes as a result of genetically programmed developmental processes and may be altered by injury to afferent pathways, unbalance in release of central transmitters, rapidly changing demands, and in response to various stressors. Changes in function of motoneuronal receptors represent an important, but only a partial, aspect of these processes. As receptors change developmentally or in response to challenges, their coupling to second messenger systems may also change (e.g., Lucaites et al., 1996; Nebigil et al., 2001 ). This has not been investigated in respiratory motoneurons, but developmentally changing respiratory effects mediated by 5-HT 1A and 5-HT 2A receptors suggest that this occurs (see Volgin et al., 2003 for discussion) .
Conditions, such as motor training elicit changes in aminergic and other afferent pathways to motoneurons (Cote et al., 2003) , and in motoneuronal expression of inhibitory receptors (Tillakaratne et al., 2002) . Overall, however, there is little information about feedback effects of altered load on muscles onto central control of motoneurons. The question is relevant for respiratory disorders caused by degenerative muscular diseases and the obstructive sleep apnea syndrome where anatomically compromised upper airway requires increased activation of upper airway motoneurons (Suratt et al., 1988; Mezzanotte et al., 1992; Hendricks et al., 1993; Katz and White, 2004) . The impact of altered load on upper airway and other respiratory muscles on receptors in, and afferent pathways to, their motoneurons is an attractive area for future studies.
